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Sensitive and selective assay of collagen is of substantial importance to the diagnostic study of health- and 
aging-related failures. In this paper, we describe a highly specific and sensitive method for the assay of whole 
collagens in biological samples using a novel fluorogenic reagent, 3,4-dihydroxyphenylacetic acid 
(3,4-DHPAA). The 3,4-DHPAA reagent can selectively detect N- terminal Gly-containing peptides (NGPs) 
in the presence of sodium borate and NaI0 4 . Under conditions optimized, this assay format for collagen, 
termed 3,4-DHPAA assay method showed a good linear relationship between the amplified FL signals and 
the collagen concentrations from 0.18 to 12 jig/ml. Therefore the sensitive determination of intracellular 
collagens in cheek tissue and HeLa cells was individually possible without any separation protocol. The dual 
recognitions of the collagens in the samples could be performed by the enzymatic digestion and the FL 
reaction. The proposed assay method enables the determination facile, specific, sensitive and quantitative 
for biogenic collagens. 



Collagen is one of the fundamental components in extracellular matrix of connective tissues, and signifi- 
cantly relates to human health-and aging-related disorders. For instances, excessive accumulation of 
collagen is observed in skin disorders such as scleroderma, keloids, or tumor growth 1 " 3 . In some cases, 
pulmonary, liver, and oral mucosal fibroses contain the excess collagens that lead to the causes of morbidity and 
mortality 4 " 7 . In contrast, osteoarthritis, rheumatoid arthritis and pulmonary emphysema are the consequence of 
decreased collagen production 8,9 , and chronologically aged and photo-aged skins show a characteristic feature of 
the decrease of collagens 10 " 12 . Hence, a great deal of the development of facile and sensitive collagen assay has been 
required for the study on physiological role of collagens and diagnosis of aging-related disorders. 

Several assay methods have been proposed i.e., colorimetric, chromatographic and radiolabelling methods for 
the quantification of collagens in tissues based on the detection of hydroxyproline (Hyp) 13 " 15 . Hyp is a particular 
amino acid in the sequences of collagens and elastin protein 16 and thus the content of Hyp has been measured to 
evaluate whole collagens in tissues. However, this assay requires drastic hydrolysis protocols using acids or bases 
to liberate free Hyp from collagens. Recently a colorimetric assay of collagens using a red dye in picric acid 
solution has been developed for the fast and facile quantification of collagens in biological samples 31718 . However, 
low selectivity of both the Hyp assay and colorimetric methods has been disputed 19 ' 20 . In order to quantify 
collagens more selectively, enzymatic or chemical degradation of collagens was performed. The degraded pro- 
ducts were separated by high-performance liquid chromatography or electrophoresis, and then detected by 
spectrophotometry or mass spectrometry 21 " 24 . The quantification of collagens by enzyme-labeled immunoassay 
using specific antibodies to each type of collagens is specific although the expensive antibodies and complicated 
protocols are necessary 25 " 27 . Consequently, a facile, quantitative and inexpensive assay method for the collagens in 
complicated specimens is still in great demand for the high-throughput assays. 

Herein, we have developed a specific, sensitive and facile method for the collagen quantification utilizing 
enzymatic digestion and fluorescence (FL) reactions, since we previously found that a novel FL reagent, 3,4- 
dihydroxyphenylacetic acid (3,4-DHPAA) selectively provides FL for iV-terminal Gly-containing peptides 
(NGPs) 28 . This reaction produced a boron-coordinated FL compound from a NGP involving two molecules of 
3,4-DHPAA at 37°C for 10 min in presence of sodium borate (pH 7.5-8.0) and NaI0 4 (Fig. 1). 3,4-DHPAA was 
not reactive to various bio-substances such as amino acids, sugars, nucleic bases, nucleotides and proteins, and 
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Figure 1 | Schematic protocol of the amplified collagen assay, (i) Bacterial collagenase cleaved collagen and produced NGPs. (ii) NGPs-selective 
fluorescence reaction with 3,4-DHPAA resulted in amplified FL signal from one collagen molecule. 



thus allowed the collagen assay in biologically complex specimens 
after the enzymatic digestion with bacterial collagenase. This 
approach proved that our assay method has exquisite specificity 
and sensitivity for biogenic collagens with a facile protocol. 

Results 

Assay principle. Figure 1 depicts the principle of our amplification 
assay method for the determination of collagen. Many types of 
collagens have a unique amino acid sequence and primary 
structure. Collagens contain approximately 30% Gly of whole 
amino acid residues in each molecule, and constitute a repeated 
amino acid sequence, -Gly-X-Y- in which Pro or Hyp frequently 
appears at the X or Y position 29 . The proposed assay method takes 
an advantage of this unique sequence of collagen as well as the 
remarkable specificity of bacterial collagenase that cleaves all 
collagen types at the position of iV-terminal side of the Gly 
residue 30 ' 31 . Therefore, abundant NGPs such as Gly-Pro-Hyp, Gly- 
Pro-Ala, Gly-Pro-Pro, and Gly-Pro-Z (Z is other amino acid or 
oligopeptide) are produced from one molecule of each collagen 31 , 
and greatly amplified FL signals from these products are obtained 
by the reaction with 3,4-DHPAA. 

The fluorogenic reagent, 3,4-DHPAA moderately reacted with the 
NGPs in the enzymatic reaction mixture in the presence of sodium 
borate (pH 7.5-8.0) and NaI0 4 at 37°C for 10 min, and gave intense 
FL signals for the NGPs and non or negligible FL signals for other 
bio-substances such as amino acids, proteins, sugars, DNA, and 
RNA. In addition, the tripeptides of Gly-Pro-Pro and Gly-Pro-Gly 
generated most intense FL intensities among NGPs. These tripeptides 
are the major products of collagens after the digestion with bacterial 
collagenase. Therefore our novel assay format consists of dual recog- 
nition steps for collagen based on enzymatic and fluorogenic reac- 
tions. This format also affords amplification of either FL signal or 
specificity toward collagen in biologically complex specimens. 

Quantitative conditions of collagen. Commercially available bovine 
collagen-I was used as standard. The collagen was solubilized by 
alkaline treatment with a slight modification as described 32 . Briefly, 



the collagen (0.5-1 mg/ml) was incubated at 37°C for 2 h in 0.5 M 
NaOH with shaking and immediately diluted with water to obtain 
desirable concentrations and then neutralized to pH 6-7. Solubility 
of collagen is dependent on its age and source, and hence several 
conditions based on alkaline or pepsin-acidic treatment were 
proposed for the solubilization of collagens. However, we found no 
differences in the content of collagen between alkaline and pepsin- 
acidic treatments. 

We optimized the concentration of bacterial collagenase (Fig. 2a) 
and its incubation time (Fig. 2b). The enzyme reaction of 0.75- 
3.0 |ig/ml bovine collagen-I was carried out with 2.0-16 |ig/ml bac- 
terial collagenase in a buffer (4 mM Tris buffer, 50 raM sodium 
borate, each pH 7.5 and 2.4 mM CaCl 2 ) at 37°C for 60 min, and 
subsequently the enzymatic reaction mixture was directly used for 
the FL reaction with 3,4-DHPAA to detect the NGPs produced from 
the collagen. Figure 2a suggested that the enzymatic digestion of the 
collagen reaches completion with 8.0 |ig/ml (ca. 80 nM) collagenase 
for 60 min of the enzymatic reaction time. A similar procedure was 
performed for 0-120 min of the enzymatic reaction time using 
8.0 |ig/ml collagenase; 60-min reaction time was employed for the 
present assay method (Fig. 2b). Notably, a negative control was car- 
ried out in the same way without the enzymatic digestion, i.e. at zero 
incubation-time in the presence of the collagen-I and collagenase, 
which showed negligible FL intensity, although the intensity of the 
negative control was approximately twice level of the reagent blank in 
which H 2 0 was used instead of the sample and collagenase. 

Figure 3a shows the FL emission spectra obtained by different 
concentrations of bovine collagen-I. A good linear relation (R 2 = 
0.995) was obtained between FL intensities and concentrations of the 
collagen up to 12 |ig/ml (ca. 40 nM) in the final FL reaction mixture 
(Fig. 3b), and the lower detection limit of the collagen was found to be 
0.18 |ag/ml (ca. 0.63 nM). The results explain that our proposed 
assay format permits the sensitive and precise quantification of the 
collagen. 

Assay of collagens in tissue and cultured cells. We investigated 
whether our proposed assay method possesses enough specificity 
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Figure 2 | Enzymatic reaction of bovine collagen-I at different concentrations with bacterial collagenase. (a) Effect of the collagenase concentration 
on the degradation of the collagen for 60 min. (b) Kinetics of the enzymatic reaction with 8 Hg/ml collagenase. Relative FL intensity (RFI) was 
calculated by considering the highest FL intensity as 100%. Each plot is the mean ± SD of three repeated experiments. 



for the determination of whole collagens. To assess efficiency of the 
assay for biogenic collagens, we measured the concentration of 
intracellular collagens in extracts of human cheek tissues (16- 
67 jag of total proteins) and cultured HeLa cells (50-250 jag of 
total proteins corresponding to 0.4-2 X 10 5 cells). We used 
cytoplasm fraction of the biological specimen for the extraction of 
intracellular collagens after centrifugation of the cell lysates. The 
concentration of total proteins in the extract was measured for 
normalization of data and investigation of influences of other 
proteins in the collagen assay. As shown in Figure 4a, non- 
collagenous proteins such as bovine serum albumin (BSA), casein, 
lysozyme, myoglobin, thrombin and amyloid P protein did not 
produce any positive FL signals in comparison to collagens. In 
addition, human collagens of types I, II and III as well as bovine 
collagen-I (10 nM, i.e. 3.0 jig/mL each in the enzyme reaction 
mixture) produced comparable signals. Therefore, we found that 
the proposed assay method is highly specific for whole collagens. 
Figure 4b shows the FL images obtained from H 2 0, human 
collagen-I and the cheek tissue extract after the enzymatic reaction 



followed by the FL reaction when these FL-reaction mixtures used for 
Figure 4a were irradiated on UV light of around 360 nm wavelength. 

The FL values obtained from those biological specimens were 
withdrawn by their background FL intensities as negative controls 
that were obtained by each treatment without the enzymatic reaction 
time. This correction was useful for the precise evaluation of FL 
signals that were caused by the enzymatic degradation of collagens. 
By this correction, the concentrations of intracellular collagens were 
estimated to be 10.7 ± 1.3 ng and 0.93 ± 0.02 ng per jig of total 
proteins in the cheek tissue and HeLa cells, respectively (Fig. 4a). 
Fibroblast is the primary cells for producing collagens in mammalian 
body. It has been demonstrated that fibroblast cells in most of soft 
tissues serve the collagen production less than 100 ng per jag of total 
proteins, while tendon and bone fibroblasts dedicate as much as 
500 ng of collagens per jig of total proteins 33 . The concentration of 
collagens in cultured cells of fibroblast from oral mucosa of buccal 
area was reported to be approximately 10 ng per jig of total pro- 
teins 34 . Hence, our determined value of collagens in the cheek tissue 
was consistent with those reported data. On the other hand, our 
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Figure 3 | Quantification of collagen, (a) FL spectra of different concentrations of bovine collagen-I by the degradation with 8.0 jag/ml collagenase 
followed by FL reaction with 3,4-DHPAA. Collagen concentrations (from top to bottom): (i) 12 jag/ml, (ii) 6.0 jag/ml, (iii) 3.0 jag/ml, (iv)1.5 Jig/ml, (v) 
0.75 jig/ml, (vi) 0.37 |ig/ml, (vii) 0.18 |ig/ml, (viii) 0 jig/ml. (b) Calibration curves of 0-12 |ig/ml bovine collagen-I with or without the enzymatic 
reaction. The inset represents an expanded view of the lower concentrations of the collagen. Each plot is the mean ± SD of three repeated experiments. 
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Figure 4 | FL detection of various collagens and other proteins by present 3,4-DHPAA assay method, (a) FL signals obtained from 10 nM 
collagenous and non-collagenous proteins, and biological specimens, (b) FL images from (i) H 2 0, (ii) human collagen-I and (hi) cheek tissue measured 
for a. Each bar is the mean ± SD of three repeated experiments. Total protein levels of 33.6 and 220 ug as mean value in the cheek tissue and HeLa cell 
lysates were determined by a commercial kit, respectively. 



determined value of the collagen concentration in HeLa cells was 
approximately 8 times lower than those reported data of fibroblast 
cells 33 ' 34 . It was also reported that mRNA level of collagen-I in HeLa 
cells is approximately 10 times low in comparison to the expression 
of the collagen in fibroblast cells 35 . It means that the biosynthesis of 
collagens in HeLa cells is one tenth levels in comparison to that in 
fibroblast cells. Therefore, the concentration level of collagens in 
HeLa cells determined by our method is in agreement with previous 
report 35 . 

Comparison with other assay methods. o-Phthalaldehyde (OPA) is 
a fluorogenic reagent, which reacts with primary amino group of 
compounds in the presence of 2-mercaptoethanol at room tempera- 
ture, and then provides FL products for amino acids, amines, 
peptides and proteins 36 " 39 . Herein, we examined on the specificity 
and sensitivity of the OPA reaction for the determination of 
collagens, since a large number of a- amino group from one mole- 
cule of collagens would be produced by the enzymatic digestion with 
collagenase. 

As shown in Figure 5a, the OPA reaction gave non-significant 
amplification of the FL signal for bovine collagen-I, because almost 
the same FL levels were observed for either collagenous or non- 
collagenous proteins even after the enzymatic digestion with bac- 
terial collagenase. In addition, the FL signals from the biological 
specimens such as cheek tissue or HeLa cells were not significantly 
increased after the enzymatic digestion followed by the reaction with 
OPA (Fig. 5b). These results suggest that the OPA reaction is not 
selective for the enzymatic products of NGPs from collagens, because 
the OPA reaction works on a plenty of amino groups such as the side 
chain of Lys and Arg residues in the protein molecules involving the 



target collagens and the used enzyme of collagenase. Therefore, the 
OPA reaction was greatly influenced by co- existence of a large num- 
ber of proteins and amino acids in a complex sample, and thus a 
separation protocol was required for the determination of endogen- 
ous collagens 40 . Additionally, it has been demonstrated that the OPA 
reaction can be utilized for the determination of total proteins in 
biological samples 41 . In this study, our proposed 3,4-DHPAA assay 
method (Figs. 3b) was found to be approximately 20 times more 
sensitive than the OPA for the collagens (Figs. 4a), since approxi- 
mately 20 times greater amplification of FL signals from collagens 
was afforded for the 3,4-DHPAA assay method by the enzymatic 
digestion with bacterial collagenase. 

A colorimetric assay has recently been developed using an anionic 
red dye, Sirius-Red for the determination of collagens in cells and 
tissue samples 1718 . The assay is based on property of the dye having 
side- chain groups of sulfonic acid that can bind with the basic amino 
acid residues in collagens 42 . We examined this colorimetric assay for 
the detections of BSA, bovine collagen-I, cheek tissue and HeLa cells 
(Fig. 6a). The colorimetric method provided the positive signals for 
the increasing concentrations of BSA. Therefore, Lareu et al 43 
demonstrated that the colorimetric method is highly influenced by 
serum proteins. In addition, the concentrations of collagens in cheek 
tissue and HeLa cells were overestimated by the colorimetric assay to 
be approximately 4-8 times higher than those obtained by our pro- 
posed 3,4-DHPAA method and other methods 33 " 35 . Hence, our assay 
method represents significant advance in the selectivity for the deter- 
mination of collagens in biological samples. 

The proposed 3,4-DHPAA assay method was also compared with 
a commercial enzyme-linked immunosorbent assay (ELISA) method 
for human collagen-I (Fig. 6b). The employed ELISA method using 



SCIENTIFIC REPORTS | 4:4950 | DOI: 1 0.1 038/srep04950 



4 



100 ■ 
80 - 



□With enzymatic digestion 
■Without enzymatic digestion 




5 10 
Bovine collagen-l (jag/ml) 



100 
80 
& 60 
40 
20 
0 



Proteins: 10 nM 

□With enzymatic digestion 

■Without enzymatic digestion 



n n n ft n pj ri ft m 



8 8 



0 
C 

I 

— 



c 

ro 
E 

3 



c 

ro 

E 



3 

C 

ro 
E 



BSA 
KDa) 








CO 9 


la 
i.9 


ii 


ro ^ 


N ^ 


ON 


h- 


Oco 


Lyso 
14.7 


CD 


CN 





p 
I* 

£ CO 




Q-UO 



E 

< 









If 




c 


M 


"CD 

u 




s o 


ro 


o 


Q. 


_i 


Q. 


o _ 


0 




o ro 


I 


& 


52 




O 


O) 






=L 






X' 




o 


CD 




b 


CO 




CN 






CN 



(300 KDa) 

Figure 5 | Detection of various collagens and other proteins by OPA assay method, (a) Calibration curves of bovine collagen-I. (b) FL signals obtained 
from 10 nM collagenous and non-collagenous proteins, and biological specimens. Each plot or bar is the mean ± SD of three repeated experiments. 



an anti-human collagen-I antibody, streptavidin-conjugated perox- 
idase and its substrate, o-phenylenediamine could detect approxi- 
mately 1.6 |ig/ml human collagen-I that produced 3 times higher 
signal than that of the reagent blank (Fig. 6b, i). This sensitivity 
was approximately 10 times lower than that of the 3,4-DHPAA assay 
method, and thus the ELISA method was rather insufficient to mea- 
sure the intracellular concentration of collagens in cheek tissue under 
the same preparation of the specimens as that for the 3,4-DHPAA 
method, since the additional signals depending on the increased 
amounts of the extract containing 16.8-67.2 |ag/ml total proteins 
could not be differentiated (Fig. 6b, ii) as well as the extracts of 
HeLa cells (data not shown). In this experiment, however, net FL 
signals of collagens by the 3,4-DHPAA method was sufficiently 
increased with the increasing amounts of the extract of the same 
cheek tissue. The concentration value of intracellular collagens in 
each sample (Fig. 6b, ii) was calculated by our FL assay method 
withdrawing the concentration of the spiked standard human col- 
lagen-I and further normalized with the content of total proteins in 
the samples. Each concentration was the same level of ca. 10 jag 
collagens per jag of total proteins. 

Discussion 

Under optimized conditions, as low as 0.18 jig/ml collagen could be 
consistently quantified by our assay method utilizing 3,4-DHPAA 
reaction coupled with enzymatic degradation of collagens. In the 
comparative studies with other methods, the proposed 3,4- 
DHPAA FL-assay method was 20, 10 and 5 times more sensitive 
than conventional other spectrofluorometric (OPA), immunological 
and colorimetric (Sirius-red dye) methods, respectively. The differ- 
ence in the sensitivity toward other methods was due to variation of 



the reagent-blank levels in their whole procedures using no biological 
specimens. 

In the experiments for the quantitative determination of intracel- 
lular collagens in cultured HeLa cells or cheek tissue, the concentra- 
tion of total collagens, which was estimated by our assay method, 
were 10.7 ± 1.3 ng and 0.93 ± 0.02 ng per jag of total proteins in the 
cheek tissue and HeLa cells, respectively (Fig. 4a). Without any pre- 
treatment of both the specimens, however, the OPA method could 
not determine the concentrations of collagens since various endo- 
genous other proteins and amino acids gave significantly increased 
FL signals for the biological specimens depending on their total 
proteins (Fig. 5b). The colorimetric method using Sirius-red dye also 
provided the overestimate of the intracellular concentration of col- 
lagens for cheek tissue and HeLa cells (Fig. 6a). These values of the 
concentrations in cheek tissue and HeLa cells were 4 and 8 times 
higher than those estimated by the present our method (Figs. 4a and 
6b, ii), respectively. The results suggest that this overestimate of the 
concentration of intracellular collagens was caused by the low select- 
ivity of the colorimetric assay method towards collagens, because the 
color signals from BSA was similar levels to that from bovine col- 
lagen-I, and also the signals from the biological specimens were 
significantly increased with the increasing contents of their total 
proteins (Fig. 6a). Thus, Lareu et al. 43 suggested that some pretreat- 
ment for the extracts of biological specimens needs to remove inter- 
ferences for the assay of collagens with the Sirius-red method. In this 
study, the employed ELISA method could not precisely determine 
the intracellular collagens in the cheek tissue (Fig. 6b, ii) as well as 
HeLa cells. However, the ELISA method would permit the deter- 
mination of endogenous collagen at a higher concentration 
(>1.6 jag/ml) in the extract, since this ELSA method was specific 
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and thus would not be influenced with increasing amounts of total 
proteins in the extract (Fig. 6b, ii). 

Most of endogenous collagens (up to 90%) are present as fibrillary 
proteins in extracellular matrix (ECM) of human body and contrib- 
ute structural support to resident cells. These collagens are produced 
in cells and secreted to ECM by exocytosis 44 . Therefore the estima- 
tion of the concentration of collagens in the ECM has been interested 
in physiological and pathological research fields. The proposed 3,4- 
DHPAA assay method would be applicable for the quantitative mea- 
surement of the ECM collagens. However, other ECM proteins such 
as elastin, fibronectin and laminin should be studied especially on 
their enzymatic degradations with the bacterial collagenase, invol- 
ving improvement of our sample preparation for non- soluble frac- 
tions of cells and tissue specimens. 

In this work, however, we showed that our assay format is facile, 
inexpensive, sensitive, selective and suitable for the high-throughput 
determination of biogenic collagens, since both the 3,4-DHPAA and 
collagenase reactions can be performed at the same temperature of 
37°C, and do not require any pretreatments such as separation and 
washing procedures for biological specimens. As results, the highest 
selectivity and sensitivity of the present our assay method were 
achieved by amplification of FL signals based on the production of 
a large number of NGPs from a target collagen by the enzymatic 
digestion with bacterial collagenase followed by the 3,4-DHPAA 
FL-reaction. This proposed 3,4-DHPAA assay method offered low 
background interferences due to its specificity toward NGPs, and 
thus provided enough FL signals to quantify very low concentrations 
of intracellular collagens in complex samples. The present approach 
will contribute as an impact analytical technique for the collagen- 
related researches such as connective tissue disorders. 



Methods 

Chemicals. Bovine collagen-I and human collagen-III were purchased from Sigma 
(MO, USA). Human collagen-I was obtained from Elastin Products (MA, USA). 
Human collagen-II was from Millipore (MA, USA). Collagenase from Clostridium 
hystolyticum was purchased from Nacalai Tesque (Kyoto, Japan). OPA was from 
Alpha Aesar (MA, USA). 3,4-DHPAA was purchased from TCI (Tokyo, Japan). Boric 
acid and NaI0 4 were obtained from Wako Pure Chemicals (Osaka, Japan). Peptides 
and non-collagenous proteins were purchased from Sigma, Wako Pure Chemicals, or 
Bachem (Bubendolf, Switzerland). 

Sample preparation. Standard solutions of collagen were prepared by solubilizing 
bovine collagen-I in 0.5 M NaOH (0.5-1.0 mg/ml) by shaking at 37°C for 1.5-2 h, 
then neutralized (pH 6-7) using 1 M acetic acid and immediately diluted with water 
to obtain desired concentrations. Other commercially available collagens were also 
treated with the same way. HeLa cells were cultured in a 10-cm culture dish, grown to 
80-90% confluence in Dulbecco's modified Eagle's medium containing 10% FBS, 
100 units/ml penicillin, 0.1 mg/ml streptomycin and 0.25 ug/ml amphotericin B by 
incubating at 37°C in a humidified atmosphere of 5% C0 2 and 95% air. Cells were 
collected before 2 nd passage (5-6 days) by removing from the dish with trypsin. After 
washing with 1 X PBS, the cells were stored at — 80°C before analysis. The cells were 
lysed in water (10 7 cells/ml) at 4°C by repeated sonication for 10 min with 3 times. 
The lysate was then centrifuged at 12000 g for 5 min and supernatant was used for the 
determination of intracellular collagens. Normal human cheek tissue (34 years old) 
from oral buccal mucosa was collected with a cotton bud for 2 min and suspended in 
1 X PBS. After centrifugation at 1000 g for 5 min, the precipitated cells were lysed 
with 30 ul of water by the same way as the cultured cells or stored at — 80°C before 
use. Total proteins in cell and tissue lysates were measured by using Quick Start 
Bradford Protein Assay kit from Bio-Rad Laboratories (CA, USA). 

Enzymatic degradation with collagenase. Bacterial collagenase (1.0 mg/ml) was 
dissolved in 50 mM Tris buffer, pH 7.5 with 5 mM CaCl 2 and stored at — 20°C until 
use. The enzyme solution was diluted with the same buffer. Each sample solution 
(100 ul) of standard collagen, cells or tissue lysates was successively mixed with 20 ul 
of 0.1 mg/ml (1.0 uM) bacterial collagenase, 100 ul of a mixture of 125 mM sodium 
borate buffer (pH 7.5) and 5 mM CaCl 2 , and 30 ul of H 2 0. The mixture was then 
incubated at 37°C for 60 min. 
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FL detection with 3,4-DHPAA. The enzymatic solution (250 ul) was mixed with 
250 ul of 0.75 mM 3,4-DHPAA in H 2 0, 250 ul of 125 mM sodium borate (pH 8.0) 
and 250 ul of 1.25 mM of NaI0 4 in H 2 0. The mixture was immediately reacted at 
37°C for 10 min. The FL intensity of the reaction mixture was measured by FP-6300 
spectrofLuorometer (Jasco, Tokyo, Japan). The excitation and emission maxima were 
375 nm and 465 nm, respectively. 

FL detection with OPA. OPA solution was freshly made by mixing 5 mg of OPA in 
125 ul of 95% ethanol, 4.9 ml of 0.1 M PBS (pH 7.4) and 10 ul of (3-mercaptoethanol. 
The fresh OPA solution (100 ul) was mixed with 650 ul of 0.1 M PBS (pH 7.4) and 
250 ul of the mixture for enzymatic degradation with bacterial collagenase. This 
mixture (1.0 ml) was reacted at room temperature for 10 min, and then the FL 
intensity of the reaction mixture was measured by the spectrofLuorometer with 
excitation at 340 nm and emission at 455 nm. 

Colorimetric detection with Sirius-Red. Colorimetric detection was performed 
according to the manufacturer's protocol of a sircol collagen assay kit (Biocolor Ltd., 
Northern Ireland, UK). In brief, 1.0 ml of the dye (Sirius-Red; SR F3B; CI 35780) in 
picric acid was added to 100 ul of collagens or cell and tissue lysates, and then agitated 
for 30 min followed by centrifugation at 10000 g for 10 min. The pellet was carefully 
collected and washed with 750 ul of a wash solution. The pellet bound dye was 
dissolved in an alkaline solution (250 ul), and measured the absorbance of the pellet 
solution at 550 nm by a UV-VIS spectrophotometer (Shimadzu, Kyoto, Japan). A 
calibration curve was constructed using bovine collagen-I in the range of 1-10 ug. 

ELISA. A human collagen-I detection kit (Chondrex, WA, USA) was used according 
to the manufacturer's protocol. In brief, a 96-well micro-titer plate were coated with 
the capture antibody (Ab concentration: 10 ug/ml) by incubating the plate overnight 
at 4°C. The plate was then washed three times with a washing buffer, incubated with 
collagen, cell or tissue lysates (100 ul each per well) for 2 h at room temperature, and 
washed again three times with the washing buffer. The wells were then incubated with 
detection antibody (100 ul/well) for 2.0 h at room temperature. Subsequently, the 
wells were washed three times and incubated with 100 ul of streptavidin- conjugated 
peroxidase for 1.0 h at room temperature. Enzymatic reaction for 
spectrophotometric detection was carried out at room temperature for 30 min with o- 
phenylenediamine (100 ul per well). Reaction was stopped by adding 50 ul of 1.0 M 
H 2 S0 4 . The developed color in the wells was measured at 490 nm by the UV-VIS 
spectrophotometer. 
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